Recognizing the mechanisms by which environmental conditions drive population dynamics can greatly benefit conservation and management. For example, reductions in densities of spawning Pacific salmon (Oncorhynchus spp.) have received considerable attention, but the role of habitat characteristics on population sizes of breeding salmon is not fully understood. We studied relationships between habitat characteristics and stream population densities of spawning chum (Oncorhynchus keta) and pink (Oncorhynchus gorbuscha) salmon in 44 streams in the Great Bear Rainforest of coastal British Columbia, Canada, with individual streams as the unit of comparison. Our results indicate that a small number of habitat characteristics are important in predicting population density of spawning chum and pink salmon in streams, namely pH for chum salmon and riparian slope and large wood volume for pink salmon. This is the largest multivariable comparison to examine habitat-population relationships in adult spawning salmon and may provide useful quantitative emphasis in guiding management.
Introduction
Understanding species-environment relationships has always been a central challenge in ecology, with major implications in conservation and management. Physiological and ecological processes govern relationships between organisms and abiotic habitat characteristics (Elton 1927; Huey 1991) . For example, abiotic habitat characteristics may influence competitive interactions, predator-prey relationships, energetic allocations, and reproductive success. As ecosystem-based management approaches become more common (Christensen et al. 1996) , insights into the mechanisms by which environmental conditions affect populations are increasingly in demand.
Considerable reductions in the breeding populations of some species of Pacific salmon (Oncorhynchus spp.) in the North Pacific region (Gresh et al. 2000) is one of the foremost conservation concerns in North America (Ruckelshaus et al. 2002) . Salmon require freshwater habitat to complete their life cycle and are susceptible to habitat degradation of spawning streams and surrounding riparian forests (Groot and Margolis 1991) . As a result, billions of dollars have been invested in freshwater habitat restoration to improve conditions for salmonids, despite the fact that few quantitative assessments have been made of the effectiveness of such measures (Roni et al. 2008) .
Because a full understanding of interactions between species and their environments is often lacking, researchers may develop models to inform management decisions that assess the impact of land use or environmental change (e.g., Guisan and Zimmermann 2000) . Habitat-population models can be data-intensive, and the cost of data collection can be prohibitive; therefore, the choice as to which variables to include is important. Further, increasing the number of variables studied leads to diminishing returns on information (Braun and Reynolds 2012) . A predictive model that requires a small number of variables is preferable, yet it is often difficult to assess which variables are more important than others (Bradford et al. 1997) .
Several large-scale studies of habitat characteristics affecting juvenile salmonid populations have been explored (e.g., Bradford et al. 1997) . Considering the importance placed on the ecology, behaviour, and management of spawning adults, it is surprising how few systematic, quantitative assessments have been undertaken on habitat-population relationships for adult salmon that include a multivariate comparison of habitat characteristics. This is particularly true for chum (Oncorhynchus keta) and pink (Oncorhynchus gorbuscha) salmon. In the simplest case, population sizes can be limited by the amount of habitat space available (Chapman 1966) . However, there are other mechanisms that can influence population sizes; energy budgets for swimming during upstream migration and spawning are affected by stream and riparian gradients (Fukushima and Smoker 1998; Sharma and Hilborn 2001) , and physiological processes during spawning and incubation may be affected by water temperature and pH (Rombough 1983; Bjornn and Reiser 1991) . Embryo survival may be positively affected by the availability of high-quality spawning substrates (Fukushima and Smoker 1998; Fukushima 2001) , while fine sediments may limit hatching success (Cooper 1965; Chapman 1988) . Spawning salmon are also vulnerable to predation by bears and other animals (Gende et al. 2004 ); thus, structures that provide cover may be beneficial, such as deep water, pools, large wood, undercut banks, and dense vegetative cover (Fukushima 2001; Gende et al. 2004; Deschenes and Rodriguez 2007; Braun and Reynolds 2011) . Of the studies cited, only two specifically address habitat associations for adult pink salmon (Fukushima and Smoker 1998; Gende et al. 2004) , one addresses juvenile pink and chum salmon (Rombough 1983) , and none address habitat associations for adult chum salmon (Table 1) .
In this study, we examine empirical relationships between 10 stream habitat characteristics and spawning chum and pink salmon density in 44 streams in a remote region on the central coast of British Columbia, Canada. These variables encompass ecological processes related to physiology and energetics, predation, and egg incubation. Our objective was to ask how differences in physical characteristics among streams affect stream population sizes of spawning chum and pink salmon, with individual streams as the sampling unit. By using a large number of steams for our among-stream comparison, we were able to assess the relative importance of a large number of habitat variables as predictors of spawning salmon population density. We use an information-theoretic approach to compare the importance of variables across a range of stream sizes. We predicted that spawning salmon densities would be positively related to habitat characteristics relating to reduced predation pressure, including stream depth, pool area, large wood density, and undercut banks; characteristics relating to increased embryo survival, including higher proportion spawning substrate, and lower fine sediments; characteristics relating to improved energetics, such as lower riparian slope and lower percent gradient; and characteristics within the bounds of physiological tolerance, including water pH and water temperature (Table 1) . Marine survival, including high seas fishery mortality, was assumed to be equal across all populations in this study region, as we assume all fish encounter a similar marine environment. There are no terminal fisheries for pink and chum salmon in the streams in this study. Knowledge of key habitat factors influencing breeding pink and chum salmon population density could help reduce the effort involved in creating detailed habitat assessments and inform conservation modeling tools and ecosystem-based management plans.
Materials and methods

Study sites and design
All study streams are located on the central coast of British Columbia near the coastal communities of Bella Bella and Klemtu and were accessed by boat (Table 2 ). There is no urban development or damming, and forestry has been limited, with selective logging prior to the 1950s (Hocking and Reynolds 2011) .
Study streams all flow directly into the ocean, and the streams accessible to salmon for spawning ranged from 22 m to 15 km in length and 3.3 to 58 m in bank-full width (Fig. 1) . Across all sites, riparian areas were forested, with vegetation typical of the Coastal Western Hemlock biogeoclimatic zone (Pojar et al. 1987) . Riparian tree composition is dominated by western hemlock (Tsuga heterophylla), western red cedar (Thuja plicata), Sitka spruce (Picea sitchensis), and red alder (Alnus rubra). Riparian shrub species are dominated by salmonberry (Rubus spectabilis), salal (Gaultheria shallon), false azalea (Menziesia ferruginea), and blueberry (Vaccinium spp.). Total annual precipitation in the region is a refreshing 3000-4000 mm·year -1 . Potential predators of spawning salmon in this area are black bears (Ursus americanus), gray wolves (Canis lupus), and grizzly bears (Ursus arctos), as well as secondary predation by bald eagles (Haliaeetus leucocephalus), the signs of which are prevalent throughout the study region.
We measured from the mouth of the stream to the upstream barrier to salmon migration, multiplied by the mean wetted stream width, to estimate the stream area available for spawning. Barriers to salmon migration included waterfalls, logjams, or substantial changes in habitat as to exclude salmon, such as reduced stream depth.
Environmental variables
We considered 10 habitat characteristics that we hypothesized to affect the density of spawning chum and pink salmon, categorized as representing various ecological processes (as shown in Table 1 ): stream depth, percent pool area, large wood density, percent undercut bank, pH, maximum stream temperature, riparian slope, percent suitable spawning substrate, percent fine substrate, and percent high stream gradient. Means and ranges of habitat variables are shown in Table 3 .
Habitat characteristics were measured from 2007 to 2011. The length of the stream surveyed for habitat characteristics (survey region) was scaled to the mean stream width (20 × bank-full width) and split into four equal length sections (Bain and Stevenson 1999) . Three transects were then randomly selected within each section for a total of 12 transects per stream (Hocking and Reynolds 2011) . To incorporate the inherent variability within streams, some habitat characteristics were measured several times. Habitat characteristics that did not vary considerably with climatic conditions were measured once at each stream, in 2007, including stream depth (at bank-full height), percent pool area, large wood density, percent undercut bank, riparian slope, percent suitable spawning substrate, percent fine substrate, and percent high stream gradient. Stream temperature, water depth, and pH, which can be affected by conditions such as ambient temperature and rainfall, were measured from 2007 to 2011 and the mean values used.
Stream depth at bank-full height was measured at each transect and the mean value calculated. Stream habitat types, including pools, riffles, runs, glides, cascades, rapids, and stepped habitat, were identified throughout the survey region according to Bain and Stevenson (1999) . Percent pool area was calculated as the summed area of pools within the survey region divided by the total area of that region. All pieces of wood in the survey region that were >10 cm in diameter and >1.5 m long that would be at least partially in the water at bank-full water height were counted to calculate large wood pieces per 100 m (Roni and Quinn 2001) . Percent undercut banks was determined as the number of transects with undercut banks divided by the total number of transects (occurred on both sides; thus, n = 24). Percent high gradient habitat was calculated as the summed length along the entire survey region of high gradient habitat (rapids, cascades, stepped habitat) divided by the total survey region length. Riparian slope was measured from the stream bank at alternating transects (n = 6 per stream) using a clinometer to an estimated 100 m and averaged across transects. Substrate size was measured on the intermediate axis of 10 stones at systematic locations along each stream transect (Wolman 1954) and categorized into fine sediments (0-2 mm), gravel (2-15 mm), coarse gravel (16-64 mm), small cobble (64-90 mm), large cobble (91-256 mm), boulder Each spring and fall, water pH was measured at three transects per stream using a YSI Model 63 multimeter probe, with a maximum delay of 6 weeks between the first and last streams sampled each season. Stream temperature was recorded at a subset of streams (n = 17) using two waterproof ibutton data loggers (DS1922L) per stream, which recorded temperatures every 2 h throughout the year. Maximum temperature was calculated from weekly maximums.
We also considered including the effect of upstream lakes on the densities of pink and chum salmon returning to streams, owing to the potential buffering effect of upstream lakes on stream water characteristics, such as temperature (Mellina et al. 2002) . However, the data did not reveal a strong relationship between lakes and the density of spawning pink or chum salmon, and an exploratory test revealed there was no significant difference in either spawning pink or chum salmon densities between 
Spawning chum and pink salmon density
Salmon enumeration estimates came from collaborative efforts among the Heiltsuk Integrated Resource Management Department, the Kitasoo Fisheries Program, Fisheries and Oceans Canada, and Simon Fraser University. A standard on-foot visual survey protocol was used by all groups. All spawning salmon of each species were counted for the entire area available for spawning in each stream. We calculated mean pink and chum salmon densities for our study period (2006-2011) using a minimum of 2 years per stream. Within each year, salmon abundance was calculated using area-under-the-curve where three or more salmon counts existed (English et al. 1992) . Peak (live + dead) counts were used when streams could not be accessed three times per season in a small proportion of streams (less than 10%). No substantive difference was found between these methods (Hocking and Reynolds 2011) . Pink and chum salmon density were calculated as the abundance of each species divided by the stream area available for spawning.
Data analysis
Given the potential for multicollinearity among many of the habitat variables considered, we used the variance inflation factor (VIF) to identify and remove highly collinear variables with VIF scores greater than 3 (Zuur et al. 2010) .
Next, we used Akaike's information criterion adjusted for small sample sizes (AIC c ) and maximum likelihood estimation methods to assess relative importance of candidate models explaining chum and pink salmon densities (Burnham and Anderson 1998; Zuur et al. 2009 ). Spawning chum and pink salmon densities, percent pool area, large wood density, and percent fine sediments were log 10 -transformed. We competed all possible model combinations, including a null model with an intercept only, although we only allowed a maximum of four habitat variables per model to avoid over-fitting (Burnham and Anderson 2002) . ⌬AIC c values, which are the difference between model i and the top-ranked model, are reported for our candidate model set (all models with ⌬AIC c < 2; Burnham and Anderson 2002; Grueber et al. 2011) . Model diagnostics did not reveal problems with heteroscedasticity, over-leveraging of data points, normality, or independence of residuals.
AIC c did not reveal maximum temperature to be an important predictor of either chum or pink salmon density at the subset of streams where temperature data were available (n = 17); therefore, maximum temperature was not included in the final model selection that used the full set of streams (n = 44).
We hypothesized that stream size may affect the relationship between other habitat variables and spawning salmon. Because our response variables (spawning pink and chum salmon densities) were calculated using stream area, we were unable to include stream area or any interactions with it as predictor parameters in our models. However, using the area available for spawning to approximate stream size, we analyzed the relationships with the most important habitat variables identified by AIC c as indicators of potential interactions.
All statistical analyses were performed using R (R Development Core Team 2009), including the MuMIn package (Barton 2012) .
Results
We found percent high gradient habitat to be highly collinear with percent spawning substrate. Because we could not retain both for further analysis, and we had a priori predictions that the availability of spawning substrate would have stronger positive influences on spawning salmon populations than less high gradient habitat, we retained percent spawning substrate and not percent high gradient in subsequent analyses. Notably, the results did not change with the retention of percent high gradient for subsequent analysis in any case. All remaining variables had a VIF score of less than 3, which indicates a low level of collinearity. Correlations between variables used in final analyses are shown in Table 4 .
For chum salmon, although the positive relationship between chum salmon density and water pH was not very strong on its own (r 2 = 0.16; Fig. 2 ) with pH accounting for only 16% of the variability in spawning chum salmon density, pH was the single best predictor of spawning chum salmon density after all other variables were taken into account across models (Fig. 3) . pH was in every top model predicting chum salmon density (⌬AIC c < 2; Table 5) , and the addition of the next best predictor, riparian slope, to pH only increased r 2 by 0.05 (Table 5) . Although riparian slope appeared in three of the six top models for chum salmon density (Table 5) , had the second highest relative variable importance and second largest (negative) scaled coefficient value, the uncertainty around the estimate made the effect of riparian slope on chum salmon density unclear (Fig. 3) .
For pink salmon, density was most strongly correlated with large wood volume and riparian slope, although large wood volume, riparian slope, and pH only accounted for 36% of the variation in spawning pink salmon density (r 2 = 0.36; Table 5 ). Large wood volume and riparian slope were in all top models for pink salmon density (⌬AIC c < 2; Table 5 ). Large wood volume was a clear positive correlate of pink salmon density, while riparian slope was a clear negative correlate (Fig. 3) . Although pH had the highest relative variable importance in relation to pink salmon density (Fig. 3) , the effect of pH was not strong for pink salmon density (r 2 = 0.03; Fig. 2) .
The relationship between stream size, as approximated by area available for spawning, and the top habitat characteristics identified by AIC c (pH, riparian slope, and large wood density) was less than 0.1 (r 2 = 0.07, 0.08, and 0.001, respectively). 
Discussion
This is the first study to examine relationships between stream habitats and breeding chum and pink salmon across a large number of streams. We found several habitat characteristics were important predictors, including pH for chum salmon and riparian slope and large wood density for pink salmon.
For chum salmon density, water pH was the most important and positive predictor. This was consistent with our prediction that lower pH would negatively affect fish physiology. Low water pH is known to suppress reproductive behaviour, including nest digging and upstream migration in salmonids, and this occurs at pH levels at the lower end of the streams in this study (pH 5.8-6.4; Ikuta et al. 2003) . Low pH can also increase egg and fry mortality, and chum salmon seem to be among the most sensitive to this effect compared with other salmonid species (Rombough 1983) . Further, only mildly acidic water (pH under 6.0) can cause aberrant behavior in newly hatched chum salmon fry (Rombough 1983) , which is the middle to lower pH range of our study streams. While water pH was the best predictor of chum salmon density, the relationship was not particularly strong (r 2 = 0.16), and this may be due to mediating effects of cation concentrations in the water, which were not accounted for in this study. Acidic water (pH 4.5) negatively affects survival of eggs less when cations, particularly calcium, are present in high concentrations (Brown and Lynam 1981) .
For pink salmon density, streams with steep riparian slopes had lower pink salmon density. This may reflect a negative impact of high water velocity and extreme flooding events due to increased run-off in steeper areas. Higher stream gradients have been associated with lower breeding salmon abundance owing to increased energy expenditure during spawning (Fukushima and Smoker   Fig. 2 . Relationships between the density of spawning chum and pink salmon and top habitat characteristics identified by AIC c . Spawning chum and pink salmon density, percent pool area, large wood volume, and percent fine sediments have been log-transformed. Bivariate correlations (r) are shown in Table 4 . Fig. 3 . Parameter estimates (circles) with 95% confidence intervals (lines) from averaged linear models predicting chum salmon density (upper panel) and pink salmon density (lower panel). The estimates are scaled and ranked from highest positive value to lowest negative value. The relative importance of each variables across all models (indicated on the right) is scaled from 0 to 1. 1998; Healey et al. 2003) . A negative effect of valley slope on juvenile salmonid density has also been found and attributed to extreme water velocities (Sharma and Hilborn 2001) . A clear negative relationship between water velocity and adult salmon has been established (Deschenes and Rodriguez 2007) .
Large wood density was positively correlated with pink salmon density. Previous studies have identified cover structures, including large wood, pools, deep water, and undercut banks, as important positive correlates of spawning sockeye salmon (Gende et al. 2004; Braun and Reynolds 2011) and resident brook trout populations (Deschenes and Rodriguez 2007) , which was attributed to reduced predation pressure due to the fish having more areas of refuge. While we also expected to find similar effects from pools, deep water, and undercut banks, these variables were not as important as large wood in the streams we studied. These study streams were relatively pristine and may not span the lower range of pools and undercut banks that could influence predation pressure on salmon. A study of juveniles showed that a relationship between cover and salmon density only holds when cover is rare (Inoue et al. 1997 ).
Because we found low correlations between stream size and the top habitat characteristics identified by AIC c , namely pH, riparian slope, and large wood density, it is unlikely stream size is driving the relationships we found between these habitat characteristics and spawning pink and chum salmon densities. However, stream size itself may have an impact on spawning salmon densities, and this may partly explain the fairly strong correlation we found between pink and chum salmon densities, along with a similar positive response to habitat suitable for both species (Table 4) .
Our results indicate that a fairly small number of habitat characteristics are important in predicting densities of spawning chum and pink salmon, namely pH for chum salmon and riparian slope and large wood for pink salmon. While quantitative evaluations of habitat can be used to prioritize streams for conservation, the choice of which habitat variables to measure is often difficult to make. Although the predictive value of any single variable in this study was not particularly high, the comparison of a large number of variables gives some insight into the relative importance among habitat characteristics. Identifying the importance of these few variables in comparison with a broad suite of habitat characteristics may make creating predictive models of spawning pink and chum salmon densities more straightforward.
